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Abstract

Nucleotide-fueled conformational changes in motor proteins are key to many impor-
tant cell functions. Inspired by this biological behavior, we report a simple chemical
system that exhibits carbodiimide-fueled geometry changes. Bridging via transient
anhydride formation leads to a significant reduction of the twist about the biaryl bond
of substituted diphenic acids, giving a simple molecular clamp. The kinetics are well-
described by a simple mechanism, allowing structure—property effects to be determined.
The kinetic parameters can be used to derive important characteristics of the system

such as the efficiencies (anhydride yields), maximum anhydride concentrations, and
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overall lifetimes. Transient diphenic anhydrides tolerate steric hindrance ortho to the
biaryl bond but are significantly affected by electronic effects, with electron-deficient
substituents giving lower yields, peak conversions, and lifetimes. The results provide

useful guidelines for the design of functional systems incorporating diphenic acid units.

Introduction

A continuous input of energy is required for many biochemical processes.! These “dissipative”

23 exhibit behavior that is impossible at thermodynamic equilibrium, including

systems
cooperative sensitivity (adaptability),? self-production,® and self-healing.5 While biology’s
ultimate energy source is light, chemical fuels are usually used to deliver energy to molecular
systems. For example, actin-based myosin motor proteins use energy from ATP hydrolysis to
slide along actin filaments, leading to muscle contraction. Likewise, and the regulation of
microtubule polymerization by GTP hydrolysis leads to remarkable dynamic behavior.” The
use of high-energy chemical species instead of light increases the complexity and specificity of
these processes, affording control over their specific location, time, and extent.®? Transient
geometry changes are of particular significance. Many cell functions, for example, including
DNA replication,'® cell division,!' protein transport,'? signal transduction,!® and active

t,7’14

transpor are associated with nucleotide-fueled conformational changes.

Abiotic systems that are driven out-of-equilibrium by chemical fuels have recently received
a great deal of attention.!"'17 Carbodiimides, typically EDC ((N-(3-(dimethylamino)-propyl)-
N’-ethylcarbodiimide hydrochloride), stand out as versatile fuels. They have been used in
18-20

21-23 24,25 26-28
, Das, to

recent reports by Boekhoven, S and several other research groups
generate nonequilibrium behavior. The associated chemistry is quite simple: carbodiimides
react with aqueous carboxylic acids to generate carboxylic anhydrides that then undergo
hydrolysis to regenerate the parent carboxylic acids. The net result is the formation of a
transient covalent bond that can be coupled to nonequilibrium behavior.!®

In previous work,? we demonstrated chemically fueled geometry changes using the water-



Figure 1: (a) Transient anhydride formation in diphenic acids. (b) Model acid and an-
hydride geometries (DP-Ac4/DP-An4, OHxg replaced with H) optimized at the B97-
D3(BJ)/TZV(2d,2p) level and viewed down the biaryl axis.

soluble diphenic acids DP-Acl-DP-Ac3 in Figure la. On reaction with EDC, they form
(intramolecular) anhydrides, giving rise to significant changes in the twist about the biaryl
bond as shown in Figure 1b. In a simplistic way, this motion is similar to the clamping motion
observed in ATP-binding cassette transporters, which act as pumps for active transport
through cell membranes.”'* Of course, these biological systems involve complex aggregated
macromolecules whereas the system we describe here is a single small-molecule clamp.

Our initially reported conditions worked well for unhindered diphenic acid derivative
DP-Acl. Since applications of these units within larger systems will require substitution,
we also investigated the sterically more demanding cases DP-Ac2 and DP-Ac3. Transient
anhydrides were indeed generated, but the systems were not kinetically well-behaved under
our original conditions, preventing analysis of structure-property effects.?? Here, we report the

expanded series of diphenic acid derivatives in Figure la. Suitable conditions for quantitative



mechanistic analysis of EDC-fueled anhydride formation have been identified. Substituent
effects have been determined, with implications for the design of more-sophisticated systems

incorporating diphenic acid subunits.

Results & Discussion

Diphenic acids DP-Ac1-DP-Ac7 were designed to test both steric and electronic effects
on the kinetics of formation and hydrolysis of transient anhydrides while being synthetically
accessible from common intermediates.?* Hexaglyme groups were incorporated to ensure
water solubility of all species.

Gas-phase DFT geometry optimizations at the B97-D3(BJ)/TZV(2d,2p) level, summarized
in Table 1, were carried out to understand the changes in geometry expected for these
systems. The benzene rings of the diphenic acids are approximately orthogonal in most cases,
as measured by the torsional angle (¢,.q) between the two rings, except for DP-Acl (as
previously reported®) and DP-Ac6. The smaller ¢,.q for DP-Acl (R = H) is unsurprising
given that it is less sterically hindered. For DP-Ac6 (R = Ph), it is likely due to attractive
arene—arene interactions between the phenyl substituent and the opposite aromatic ring of
the diphenic acid moiety. In all cases, anhydride formation bridging the two aryl rings is
predicted to reduce the twist. The dihedral (@annydride) 1S similar for all substituted anhydrides,
6°—13° larger than for DP-Anl. The net change A¢ is predicted to be about 45° for most
cases except for DP-Ac6/DP-An6 because of the relatively small ¢,.q. Thus, we expect
significant changes in twist in all of the studied systems.

Previously reported? DP-Acl, DP-Ac2, and DP-Ac3 had been prepared from key
intermediates 1 and 2, which were also used as the starting points for the syntheses of the
new compounds as shown in Scheme 1. Thus, compound 1 was borylated, giving 3, and
the methyl substituent introduced via Suzuki coupling to give 4. This intermediate was

reduced (5), diazotized and hydrolyzed (6), alkylated (7), and saponified to obtain DP-Ac4



Table 1: Biaryl Dihedral Angles of Diphenic Acids and Their Anhydrides.*

HO,C CO.H
Qp
R
R (bacid ¢anhydride A¢
H 82°  37° 45°
CCH 91° 44° 47°
CoHs 91°  50° 41°
CH;s 89°  47° 42°
OCH; 95°  44° 01°
Ph 70°  44° 26°
CN 89°  43° 47°

*Optimized at the B97-D3(BJ)/TZV(2d,2p) level. Calculations for H, CCH, and CoHj5 were
previously reported.?

(Scheme 1a). Compound 3 was also oxidized (8) and methylated to incorporate the methoxy
substituent (9). The side-chains were introduced as described above to give DP-Ac5 (Scheme
1b). A Suzuki reaction between 1 and phenylboronic acid (13) followed by the same set of
transformations gave DP-Ac6 (Scheme 1c). Finally, the cyano substituent was incorporated
by a palladium-catalyzed cyanation reaction of 2 with zinc(II) cyanide (17), which was
alkylated and saponified to get DP-Ac7 (Scheme 1d).

The behavior of the seven diacid systems on treatment with EDC was then followed by
'H NMR spectroscopy. In our previous work, we were unable to describe the behavior of
DP-Ac2 and DP-Ac3 using simple kinetic models when the reactions were carried out in
7:3 DyO:acetone-dg (conditions that had worked well for DP-Acl). The EDC decomposition
kinetics were inconsistent (faster at very early reaction times, then slowing sharply) and
we observed the formation of transient byproducts that were not easily quantified. For the
present work, the following changes were made to optimize the conditions for kinetics analysis.
First, the proportion of acetone in the solvent was increased to 1:1 to avoid aggregation
or precipitation. Second, the reaction mixtures were made more acidic by adjusting the
pD of the D;O to 2 before addition of the acetone-dg. This minimizes the increase in pD

that occurs when the concentration of diacid falls, ensuring that the remaining diacid is
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Scheme 1: Synthesis of diphenic acids (a) DP-Ac4, (b) DP-Ac5, (c) DP-Ac6, and (d)
DP-Ac7.



protonated throughout the experiment and that the EDC reactivity is consistent. Finally,
a small amount of pyridine-ds; was added to minimize the formation of any unproductive
intermediates due to the rearrangements of the O-acylisourea intermediate.?! Kinetic runs
were carried out at 276 K, ensuring a reasonable time scale. Concentrations and chemical
shifts were calculated with respect to an internal standard (ethylene carbonate).

The diacids (10 mM) all react smoothly with EDC giving EDU and transient species
that are clearly distinguishable in the aromatic regions of the 'H NMR spectra (see full
spectra in the Supporting Information). These transient species were confirmed to be the
cyclic anhydrides by separately synthesizing authentic samples that were identified by mass
spectrometry (see Supporting Information).

Figure 2 shows representative "H NMR spectra for typical kinetic runs of DP-Ac4/DP-
An4 (Figure 2a) and DP-Ac6/DP-An6 (Figure 2b). Early on, the signals assigned to the
anhydrides grow with the concomitant decrease of the signals of the starting acids. Anhydride
hydrolysis then dominates after several minutes. In most cases, the transient anhydride 'H
NMR peaks are deshielded compared to the parent acid, as is the case for DP-Ac4/DP-An4
(Figure 2a). The spectra of the DP-Ac6/DP-An6 system are different, in that the 'H
NMR peaks of DP-An6 are generally more shielded compared to DP-Ac6 (Figure 2b),
presumably because protons on the diphenic acid core are brought into the shielding zone
of the phenyl substituent as the twist is reduced (Figure 1 and Table 1). This observation
confirms that significant geometry changes occur on formation of the cyclic anhydrides.

To quantify the kinetics, we performed four runs per acid (10 mM), varying the starting
EDC concentration ([EDC]p) from 5-20 mM (0.5-2 equiv). The concentration vs time plots
were then fit to the following minimal kinetic model based on the well-known reactivity of
carbodiimides with carboxylic acids and anhydride hydrolysis.?? 3% The initial reaction of
a single carboxylic acid group in the diacid (DA) with EDC in the presence of pyridine
should generate an acylpyridinium intermediate (I) via the O-acylisourea, simultaneously

forming the urea EDU as a waste product (eq 1).223234 All of the substituted systems can
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Figure 2: 'H NMR spectroscopy of the treatment of (a) DP-Ac4 and (b) DP-Ac6 (10 mM)
with EDC (1 equiv) in DyO:acetone-dg (1:1) in the presence of pyridine-ds (2 mM) at 276 K

(pD of D20 adjusted to pD = 2 prior to mixing with the acetone).

potentially give two distinct isomers of I depending on which carbonyl reacts; for the purposes

of modeling we do not distinguish these possibilities. Intermediate I can either generate the

anhydride by intramolecular reaction with the other acid group (eq 2), or it can reform the

starting acid by unproductive hydrolysis (eq 3). The anhydride can hydrolyze back to the

starting acid via the same acylpyridinium intermediate I (eq 2).22:3536

DA + EDC *4 1+ EDU

]{,‘DA

Applying a steady-state approximation in I simplifies the parameters with o = ’CZW

Our goal here is to describe the broad features of the system studied. Thus, the above

kinetic model lacks some mechanistic details such as the pD-dependence of the rate constants
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Figure 3: Concentration vs time for the DP-Ac4/DP-An4 system with the addition of 8
mM EDC to 10 mM DP-Ac4. Solid lines represent the fits to the kinetic model and the
shaded areas represent 95% confidence intervals for the fits (in some cases, the Cls are narrow
enough to be difficult to distinguish from the line). The data from four experiments with
variable [EDC]y was fit simultaneously, not just the example shown.

and EDC speciation.” Nevertheless, the experimental datasets are well-fit by the differential
equations describing the mechanism (see Supporting Information). Figure 3 depicts a typical
plot for DP-Ac4/DP-An4. Note that the fit was obtained by numerically fitting all four
data sets simultaneously (i.e., not just the example shown). A non-parametric bootstrapping
method was used to estimate the uncertainties of the regression (95% confidence interval).?
The independence of the parameters was further confirmed by generating confidence contour
plots as shown in the Supporting Information.?® The parameters are well-constrained by the
data for all seven substrates.

Figure 4 shows the parameters ki, k9, and « as a function of the Hammett constants for
each substituent (0,,).3%% There is no meaningful correlation between k;, the rate of reaction

of EDC with the diacid, and o,,. The parameter ks, which represents the rate of anhydride
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Figure 4: Dependence of kinetic parameters on o,,. The uncertainties are 95% confidence
intervals. The trend line for a does not include the two points at o, < 0 (see text for
explanation).

decomposition, shows a weak positive correlation with o,,. This is expected as electron-
withdrawing groups have long been known to accelerate the hydrolysis of anhydrides.*!
Analogous behavior was seen for «, which represents the partitioning of the intermediate
between hydrolysis and anhydride formation, implying that electron-withdrawing groups
favor hydrolysis of the activated intermediate (I) over anhydride formation. This is the most
significant substituent effect for these diphenic acid systems; interestingly, this was not the
case in our previous work on intermolecular anhydride formation in simple substituted benzoic
acids, where differences in behavior could be explained mostly in terms of the parameter
analogous to ks.?2 A close look at Figure 4 shows that changes in « level off when o,, is less
than about 0.1. It is possible that this is because the anhydrides are unsymmetrical; that
is, the most electrophilic carbonyl would be preferentially attacked by pyridine, and thus
attack at the unsubstituted side would be favored for electron-donating substituents, leading
to little difference in behavior.

Surprisingly, attempts to include steric effects, via Taft parameters or simply the dihedrals
in Table 1, did not give significant improvements to the fits for ky, ks, or a (see Supporting
Information for analysis). The kinetics of both anhydride formation and hydrolysis are clearly
not significantly affected by steric hindrance within the scope of the substituents studied

here.
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Figure 5: Yields of DP-An1-DP-An7 calculated from « values.

The parameters obtained from the fits fully describe the behavior of these systems.
However, it can be helpful to translate them into more easily appreciated characteristics. In
conventional synthetic chemistry, reactions are often characterized by reaction yields and
times. However, the “yields” of transient anhydrides in these systems is zero by definition
and the reaction times depend on the specific set of starting conditions. We define instead
the yields for these systems as the total amounts of anhydride generated with respect to the
amount of EDC added. We also consider the peak anhydride concentration ([An]my.x) and
the acid recovery time (799), defined as the time that it takes to return to 99% of the starting
acid concentration.

For the simple mechanism described here, the anhydride yields are independent of the
concentrations of both diacid and EDC, depending only on the partitioning of the intermediate
between anhydride formation (eq 2) and hydrolysis (eq 3). They are simply (1 + «)~! and
are shown in Figure 5. Most of the diphenic acid systems are very efficient, converting about
90% of the EDC into anhydride. The exception is cyano-substituted DP-Ac7, with a yield
of only 4973°%. Here the intermediate partitions evenly between activation (anhydride)
and deactivation (hydrolysis) (o = 1.0703 for DP-AcT7). We conclude that, functionalizing
diphenic acids with electron-withdrawing groups causes significant loss of efficiency of the
system.

The characteristics [An]y.x and g9, which measure the overall shapes of the concentration
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Figure 6: Simulated behavior of 10 mM DP-Ac4/DP-An4 for different EDC concentrations
[EDC]p.

vs time plots, can be obtained from kinetic simulations based on the experimentally determined
values of kq, ks, and «.?2?° Simulations were carried out for 10 mM solutions of the starting
acids and variable starting concentrations of EDC ([EDC]y) (0.5-50 mM). Figure 6 shows
selected examples for DP-Ac4. The values of [An],.x and 7o extracted from these simulations
are shown as a function of [EDC]|y in Figure 7 (left). As expected, [Anyay increases with
increasing [EDC]y, plateauing near the starting acid concentrations. The anhydride lifetimes
Tgo initially increase rapidly with increasing [EDC]Jy and then increase approximately linearly,
with slopes that are strongly dependent on the nature of the substituents.

Both [An]p.x and 799 have a complex dependence on both ks and «, but there are some
general trends. First, [An]p.x depends primarily on a. The plot in Figure 7a (right) shows
that there is a reasonable inverse correlation between them for a given [EDC|y. This is
consistent with the mechanism, since the peak anhydride concentration is reached soon after
treatment with EDC (e.g., Figure 6), before significant anhydride hydrolysis has occurred,
and would therefore be expected to depend mostly on the distribution of the intermediate
between anhydride and deactivation as it is generated directly by the EDC. As a consequence,
the [An]pay for the electron-deficient DP-Ac7/DP-An7 system is much smaller than that
for the others for a given [EDC]y. Second, 799 depends primarily on ky. This is shown in

Figure 7b (right), which shows that the slope of the linear region of the 199 vs [EDC], plots
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is inversely correlated with ks. This follows from the intuitive expectation that the overall
lifetime of the system derives primarily from the anhydride decomposition rate, and is shorter
for electron-poor anhydrides.

These structure—property effects will be important to consider when designing more-
complex systems that make use of diphenic acids for nonequilibrium geometry changes. First,
the results here show that this system is tolerant of steric hindrance ortho to the biaryl bond
but sensitive to electronic effects. Substitution with electron-withdrawing groups reduces
the overall efficiencies, peak anhydride concentrations, and transient state lifetimes. This
is consistent with the behavior of simple benzoic acids?? but, it should be noted, there are
subtle differences in the relative importance of k; and a.

Inspection of Figure 7 shows that the behavior of these systems tends to depend more
strongly on the substituent effects than it does the fuel concentration. As a consequence,
it will not generally be possible to overcome challenges in the molecular design by simply

adding more fuel, as we have previously noted.??

Conclusions

Monosubstituted diphenic acids DP-Ac1-DP-Ac7 have been synthesized and subjected to
transient anhydride formation fueled by EDC. Optimization of the reaction conditions yielded
kinetically well-behaved systems that are described by a simple mechanism. Within the scope
of the examined substituents, the formation and decomposition of diphenic anhydrides are only
weakly sensitive to steric effects but depend strongly on electronics. The overall efficiencies, as
measured by the yield of anhydride relative to the EDC consumed, are generally high (roughly
90%), except for the most electron-deficient system (CN). Larger differences are observed
in the maximum anhydride concentrations [An|y., and lifetimes 7g9. In general, [An]pax
tends to depend primarily on «, which represents the partitioning of the acylpyridinium

intermediate between anhydride formation and hydrolysis. Likewise, 799 depends primarily
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on the anhydride decomposition rate ko. These diphenic acids are simple chemically fueled
molecular clamps, mimicking the transient conformational changes found in biochemistry.
We are currently working to apply them within systems designed for more-sophisticated

nonequilibrium behavior.

Experimental Section

General Procedures

Unless otherwise noted, all starting materials, reagents, and solvents were purchased from
commercial sources and used without further purification. Hexa(ethylene glycol)monomethyl
ether tosylate (HxgOTs) was synthesized following a literature procedure.*> NMR spectra for
characterization were measured for CDCl3 or DMSO-dg solutions using Bruker Avance 500
MHz or Bruker Avance NEO 400 MHz NMR, spectrometers. Chemical shift values (0) are
reported in parts per million relative to tetramethylsilane. The residual CHCl3 and DMSO
signals were used as the internal standards for both 'H (7.26 ppm and 2.50 ppm) and 3C
(77.16 ppm and 39.52 ppm). 'H NMR spectra for kinetics were measured for D,O /acetone-dg
solutions using a Bruker Avance 500 MHz spectrometer and referenced to the methylene signal
of the internal standard ethylene carbonate (4.50 ppm). Melting points were determined using

a Thermal Analysis Q20 differential scanning calorimeter at a heating rate of 10 °C/min.

Dimethyl [1,1’-biphenyl]-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-4,4’-dinitro-2,2’-dicarboxylate (3)

A dry Schlenk vacuum tube containing dimethyl [1,1’-biphenyl]-6-bromo-4,4’-dinitro-2,2’-
dicarboxylate 1 (5.00 g, 10.43 mmol), bis(pinacolato)diboron (4.50 g, 17.7 mmol), KOAc (4.6
g, 46.93 mmol), and PdCly(PPhs)s (879 mg, 1.25 mmol) was evacuated and backfilled with

argon (3x). To this solid mixture was added dry THF (50 mL) and the reaction mixture

15



was degassed by three freeze-pump—thaw cycles. The reaction mixture was then stirred and
heated overnight at 80 °C, cooled to room temperature, and filtered through a Celite pad.
The filtrate was diluted with EtOAc; washed with water (3x), sat. NaHCO3(aq) (1x), and
brine (1x); dried over MgSQOy; and filtered. The resulting solution was concentrated under
reduced pressure and purified on a silica column eluted with 80:20 hexane:EtOAc to afford
compound 3 (5.0 g, 99%) as a white solid: mp 150.94 °C; 'H NMR (500 MHz, DMSO-dg) §
8.77 (d, J = 2.5 Hz, 1H), 8.71 (d, J = 2.4 Hz, 1H), 8.57 (d, J = 2.5 Hz, 1H), 8.44 (dd, J =
8.4, 2.5 Hz, 1H), 7.45 (d, J = 8.4 Hz, 1H), 3.65 (s, 3H), 3.62 (s, 3H), 1.01 (d, J = 15.4 Hz,
12H); 3C{'H} NMR (126 MHz, DMSO-ds) & 164.5, 164.3, 152.5, 148.3, 146.9, 146.3, 131.6,
131.4, 130.3, 130.1, 126.4, 125.9, 123.6, 84.3, 52.6, 52.5, 24.13, 24.10; HRMS (APCL-MS)
caled for CyaHoyBN3 Oy ([M 4 H|T) 487.1523, found 487.1520.

Dimethyl [1,1’-biphenyl]-6-methyl-4,4’-dinitro-2,2’-dicarboxylate (4)

A dry Schlenk vacuum tube containing compound 3 (3.28 g, 6.74 mmol), Pd(dppf)Cl, (493.5
mg, 0.674 mmol), and K3;PO,4 (3.60 g, 16.85 mmol) was evacuated and backfilled with
argon (3x). To this solid mixture was added iodomethane (0.84 mL, 13.5 mmol) and dry
1,4-dioxane (30 mL). The reaction mixture was degassed by three freeze-pump—thaw cycles
and then stirred and heated at 50 °C overnight, cooled to room temperature, and filtered
through a Celite pad. The filtrate was diluted with EtOAc; washed with water (3x) and
brine (1x); dried over MgSQOy; and filtered. The resulting solution was concentrated under
reduced pressure and purified on a silica column eluted with 90:10 cyclohexane:EtOAc to
afford compound 4 (2.22 g, 88%) as a pale brown solid: mp 143.06 °C; 'H NMR. (500 MHz,
DMSO-dg) 6 8.75 (d, J = 2.4 Hz, 1H), 8.56 (d, J = 2.5 Hz, 1H), 8.51 (dd, J = 8.4, 2.5 Hz,
1H), 8.48 (d, J = 1.7 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H), 3.66 (s, 3H), 3.60 (s, 3H), 2.03 (s,
3H); 3C{'H} NMR (126 MHz, DMSO-ds) § 164.6, 164.2, 147.03, 146.99, 146.6, 146.3, 139.2,
131.2, 129.9, 129.7, 127.6, 127.1, 124.7, 122.0, 52.7, 52.6, 20.1; HRMS (ESI-MS) calcd for
C17H14N2OgNa ([M + Na] *) 397.0642, found 397.0641.
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Dimethyl [1,1’-biphenyl]-4,4’-diamino-6-methyl-2,2’-dicarboxylate (5)

Compound 4 (2.00 g, 5.34 mmol) was dissolved in EtOH (125 mL) in a round-bottomed
flask. SnCl, - 2H,0 (12.00 g, 53.4 mmol) was added and the reaction mixture was stirred
and heated to reflux for 2 h then cooled to room temperature. Excess EtOH was removed
under reduced pressure and sat. Na;CO3(aq) was added to adjust the pH to 8. The yellow
precipitate was set aside and the liquid was decanted and extracted with EtOAc (3x). The
combined organic extracts were washed with water (1x) and brine (1x) then dried over
MgSO, and filtered. The solvent was removed under reduced pressure to afford compound 5
(1.48 g, 88%) as a pale yellow solid: mp 132.21 °C; 'H NMR (500 MHz, DMSO-dg) 6 7.05 (d,
J = 2.4 Hz, 1H), 6.78 (d, J = 2.4 Hz, 1H), 6.69 (dd, J = 8.2, 2.5 Hz, 1H), 6.64 (d, J = 8.1
Hz, 1H), 6.58 (d, J = 2.4 Hz, 1H), 5.24 (s, 2H), 5.11 (s, 2H), 3.48 (s, 3H), 3.41 (s, 3H), 1.78
(s, 3H); BC{'H} NMR (126 MHz, DMSO-dg) ¢ 168.1, 167.3, 147.0, 146.6, 137.3, 131.5, 130.9,
130.5, 129.5, 128.5, 118.1, 117.0, 114.3, 111.7, 51.3, 51.2, 20.5; HRMS (APCI-MS) caled for
C17H19N2Oy4 ([M + HJT) 315.1339, found 315.1341.

Dimethyl [1,1’-biphenyl]-4,4’-dihydroxy-6-methyl-2,2’-dicarboxylate

(6)

Compound 5 (1.38 g, 4.39 mmol) was dissolved in a mixture of conc. HCI (9.6 mL) and water
(48.0 mL). The solution was cooled in an ice bath and an ice-cold mixture of NaNO, (636
mg, 9.21 mmol) dissolved in water (18.6 mL) was added dropwise while maintaining the
temperature between 0-5 °C. The resulting yellow solution was stirred under cold conditions
for 10 min. and poured into an ice-cold solution of conc. HsPO, (9.6 mL) in water (700 mL).
The resulting light-yellow solution was stirred for 10 min under cold conditions then boiled
on a hotplate for 10 min. After cooling the reaction mixture to room temperature, it was
extracted with EtOAc (3x) and the combined organic extracts washed with 2 M NaOH(aq)

(2x). The aqueous extracts were acidified to pH 4 using conc. HCI and the resulting solution
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was extracted with EtOAc (2x). The combined organic extracts were washed with water
(1x) and brine (1x), dried over MgSQOy, and filtered. The resulting solution was concentrated
under reduced pressure and purified on a silica column eluted with 75:25 hexanes:acetone
to afford compound 6 (1.00 g, 72%) as a light orange solid: mp 200.63 °C; 'H NMR (500
MHz, DMSO-dg) 6 9.71 (s, 1H), 9.56 (s, 1H), 7.26 (d, J = 2.7 Hz, 1H), 7.00 (d, J = 2.6 Hz,
1H), 6.94 (dd, J = 8.3, 2.7 Hz, 1H), 6.85-6.80 (m, 2I), 3.50 (s, 3H), 3.43 (s, 3H), 1.82 (s,
3H); BC{'H} NMR (126 MHz, DMSO-dg) § 167.3, 166.6, 155.9, 155.5, 138.2, 132.4, 131.8,
131.5, 130.9, 130.7, 119.8, 118.8, 115.8, 113.0, 51.6, 51.5, 20.4; HRMS (APCI-MS) calcd for

Cl7H17OG ([M + H]Jr) 3171020, found 317.1021.

Dimethyl [1,1’-biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-
6-methyl-2,2’-dicarboxylate (7)

Compound 6 (1.60 g, 5.05 mmol) in dry acetone (90 mL) was treated with KoCO3 (6.97 g,
50.5 mmol) followed by a solution of HxgOTs (6.83 g, 15.17 mmol) in dry acetone (10 mL).
The mixture was stirred and heated to reflux overnight under argon, then cooled to room
temperature and partitioned between brine and EtOAc. The aqueous layer was extracted
with EtOAc (3x) and the combined organic extracts were washed with brine (1x), dried
over MgSQO,, and filtered. The resulting solution was concentrated under reduced pressure
and the crude was purified on a silica column eluted with 70:30 CH5Cly:acetone to afford the
compound 7 (3.23 g, 73%) as a light-yellow oil: 'H NMR (500 MHz, CDCl3) 6 7.56 (d, J =
2.7 Hz, 1H), 7.31 (d, J = 2.7 Hz, 1H), 7.08 (dd, J = 8.4, 2.8 Hz, 1H), 7.01-6.92 (m, 2H),
4.23-4.12 (m, 4H), 3.92-3.82 (m, 4H), 3.78-3.60 (m, 38H), 3.58-3.50 (m, 8H), 3.37 (s, 6H),
1.92 (s, 3H); BC{'H} NMR (101 MHz, CDCl3) § 167.7, 167.1, 157.5, 157.1, 138.8, 135.0,
134.3, 131.6, 130.7, 130.6, 120.1, 118.7, 115.4, 112.4, 72.0, 70.92, 70.91, 70.7, 70.65, 70.62,
70.56, 69.76, 69.74, 67.6, 67.5, 59.1, 51.9, 51.85, 20.9; HRMS (APCI-MS) calcd for Cy3HggO15
(M + H]|T) 873.4478, found 873.4491.
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[1,1’-Biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-6-methyl-
2,2’-dicarboxylic acid (DP-Ac4)

Compound 7 (2.98 g, 3.43 mmol) in MeOH (50 mL) was treated with NaOH(aq) (2 M, 31 mL,
62 mmol) and the resulting mixture was stirred and heated to reflux overnight. The reaction
mixture was concentrated under reduced pressure to remove the methanol and acidified with
2 M HCl(aq) to pH 2. The resulting mixture was saturated with NaCl and extracted with
EtOAc (5x) and the combined organic extracts were washed with brine (1x), dried over
MgSQy, and filtered. The resulting solution was concentrated under reduced pressure and
purified on a silica column eluted with 94:4:1-90:9:1 CH5Cly:MeOH:AcOH to afford DP-Ac4
(2.1 g, 73%) as a pale yellow oil: 'H NMR (500 MHz, CDCl3) 6 7.27 (d, J = 2.7 Hz, 1H),
7.07 (d, J = 2.7 Hz, 1H), 6.95 (dd, J = 8.4, 2.7 Hz, 1H), 6.86 (d, J = 8.4 Hz, 1H), 6.82
(d, J = 2.6 Hz, 1H), 4.22-4.01 (m, 4H), 3.88-3.77 (m, 4H), 3.75-3.53 (m, 36H), 3.52-3.45
(m, 4H), 3.32 (s, 6H), 1.82 (s, 3H); BC{'H} NMR (126 MHz, CDCl3) § 172.5, 172.0, 157.8,
157.5, 139.2, 135.0, 134.7, 131.9, 131.4, 131.3, 119.0, 117.6, 114.3, 111.5, 71.8, 70.7, 70.52,
70.48, 70.46, 70.42, 70.39, 70.37, 70.3, 69.7, 67.6, 67.5, 59.0, 20.6; HRMS (ESI-MS) calcd for
C41Hgs018Na ([M + Na]t) 867.3985, found 867.3985.

Dimethyl [1,1’-biphenyl]-6-hydroxy-4,4’-dinitro-2,2’-dicarboxylate (8)

A round-bottomed flask was charged with compound 3 (2.50 g, 5.1 mmol) and Na,COj3 (811
mg, 7.65 mmol) and the mixture treated with EtOH (204 mL). To this mixture was added
Hy0, (aq) (30%, 51 mL, 35 mmol) dropwise with stirring. The resulting solution was stirred
overnight at room temperature, then the EtOH was removed under reduced pressure. The
residue was diluted with water and was extracted with EtOAc (2x). The combined organic
extracts were washed with water (1x) and brine (1x), dried over MgSQOy,, and filtered. The
resulting solution was concentrated under reduced pressure and the crude was purified on

a silica column eluted with 80:20 hexanes:EtOAc to afford compound 8 (1.18 g, 61%) as a
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white solid: mp 235.25 °C; 'H NMR (500 MHz, DMSO-dg) 6 11.01 (s, 1H), 8.69 (d, J = 2.5
Hz, 1H), 8.45 (dd, J = 8.5, 2.5 Hz, 1H), 8.19 (d, J = 2.3 Hz, 1H), 7.88 (d, J = 2.3 Hz, 1H),
7.50 (d, J = 8.5 Hz, 1H), 3.67 (s, 3H), 3.60 (s, 3H); BC{'H} NMR (101 MHz, DMSO-dg) §
164.7, 164.5, 155.6, 147.4, 146.9, 144.1, 134.9, 132.2, 130.7, 130.6, 126.4, 124.3, 114.8, 112.5,
52.5; HRMS (ESI-MS) caled for CrgH1sNoOgNa (M + Nal*) 399.0435, found 399.0436.

Dimethyl [1,1’-biphenyl]-6-methoxy-4,4’-dinitro-2,2’-dicarboxylate
(9)

A mixture of compound 8 (2.98 g, 9.13 mmol), KoCO3 (6.31 g, 45.66 mmol), methyl iodide
(1.14 mL, 18.26 mmol), and dry acetone (94 mL) in a round-bottomed flask was heated to
reflux overnight under argon. The reaction mixture was cooled to room temperature and the
excess solvent was evaporated under reduced pressure. The residue was diluted with water
and extracted with EtOAc (2x). The combined organic extracts were washed with water
(1x) and brine (1x), dried over MgSQy, and filtered. The resulting solution was concentrated
under reduced pressure and purified on a silica column eluted with 85:15 hexanes:acetone to
afford compound 9 (2.75 g, 77%) as a light-yellow solid: mp 160.46 °C; 'H NMR (400 MHz,
DMSO-dg) 6 8.70 (d, J = 2.4 Hz, 1H), 8.46 (dd, J = 8.5, 2.5 Hz, 1H), 8.33 (d, J = 2.1 Hz,
1H), 8.08 (d, J = 2.2 Hz, 1H), 7.51 (d, J = 8.5 Hz, 1H), 3.81 (s, 3H), 3.67 (s, 3H), 3.61 (s,
3H); BC{'H} NMR (101 MHz, DMSO-d) § 164.5, 164.3, 157.1, 148.0, 147.0, 143.4, 136.4,
132.0, 130.6, 130.4, 126.6, 124.3, 116.4, 109.0, 57.0, 52.64, 52.58; HRMS (ESI-MS) caled for
C17H14N2OgNa ([M + Na]™) 413.0592, found 413.0590.

Dimethyl [1,1’-biphenyl]-4,4’-diamino-6-methoxy-2,2’-dicarboxylate
(10)
The procedure for compound 5 was followed starting with compound 9 (2.65 g, 6.78 mmol)

to afford compound 10 (2.10 g, 94%) as a light-yellow solid: mp 128.91 °C; 'H NMR (400
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MHz, DMSO-dg) § 7.00 (d, J = 2.0 Hz, 1H), 6.68-6.58 (m, 2H), 6.49 (d, J = 2.1 Hz, 1H),
6.35 (d, J = 2.1 Hz, 1H), 5.26 (s, 2H), 5.19 (s, 2H), 3.55-3.47 (m, 6H), 3.43 (s, 3H): BC{*H}
NMR (101 MHz, DMSO-dg) § 168.5, 167.7, 157.2, 148.2, 146.9, 132.02, 131.99, 131.2, 125.1,
118.6, 116.5, 114.3, 106.1, 99.9, 55.1, 51.3, 51.2: HRMS (APCI-MS) calcd for C17H;9N5O5
(IM + H]*) 331.1288, found 331.1291.

Dimethyl [1,1’-biphenyl]-4,4’-dihydroxy-6-methoxy-2,2’-dicarboxylate

(11)

The procedure for compound 6 was followed starting with compound 10 (2.00 g, 6.05 mmol)
to afford compound 11 (1.14 g, 57%) as an orange solid: mp 206.49 °C; 'H NMR (300 MHz,
DMSO-dg) 6 9.74 (s, 1H), 9.66 (s, 1H), 7.21 (d, J = 2.6 Hz, 1H), 6.88 (dd, J = 8.3, 2.6 Hz,
1H), 6.80 (d, J = 8.3 Hz, 1H), 6.73 (d, J = 2.3 Hz, 1H), 6.57 (d, J = 2.3 Hz, 1H), 3.56 (s,
3H), 3.52 (s, 3H), 3.44 (s, 3H); BC{'H} NMR (101 MHz, DMSO-dg) § 167.6, 166.9, 157.6,
157.0, 155.9, 132.5, 131.7, 131.4, 128.2, 121.7, 118.3, 115.7, 107.2, 102.0, 55.5, 51.6, 51.5;
HRMS (APCI-MS) caled for Ci7Hy707 ([M + H]™) 333.0969, found 333.0972.

Dimethyl [1,1’-biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-
6-methoxy-2,2’-dicarboxylate (12)

The procedure for compound 7 was followed starting with compound 11 (1.08 g, 3.25 mmol)
to afford compound 12 (2.37 g, 82%) as a light-yellow oil: 'H NMR (500 MHz, CDCl3) § 7.53
(d, J = 2.7 Hz, 1H), 7.06 (dd, J = 8.5, 2.8 Hz, 1H), 7.03-6.96 (m, 2H), 6.68 (d, J = 2.5 Hz,
1H), 4.24 4.14 (m, 4H), 3.91-3.85 (m, 4H), 3.77-3.72 (m, 4H), 3.72-3.60 (m, 37H), 3.60-3.51
(m, 8H), 3.37 (s, 6H); *C{'H} NMR (101 MHz, CDCl;) § 168.0, 167.4, 158.6, 158.0, 157.6,
132.3, 131.5, 131.4, 130.8, 125.0, 118.3, 115.3, 105.6, 102.8, 72.0, 71.0, 70.9, 70.8, 70.7, 70.68,
70.6, 69.8, 67.7, 67.6, 59.1, 56.1, 52.0, 51.9; HRMS (APCL-MS) caled for Cy3HgoOrg ([M +
H|*) 889.4428, found 889.4432.
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[1,1’-Biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-6-methoxy-

2,2’-dicarboxylic acid (DP-Ac5)

The procedure for compound DP-Ac4 was followed starting with compound 12 (2.1 g, 2.36
mmol) to afford DP-Ac5 (1.65 g, 81%) as a light-yellow oil: 'H NMR, (500 MHz, CDCl3) §
7.48 (d, J = 2.7 Hz, 1H), 7.05 (dd, J = 8.4, 2.7 Hz, 1H), 7.02-6.96 (m, 2H), 6.65 (d, J =
2.5 Hz, 1H), 4.27-4.14 (m, 4H), 3.93-3.83 (m, 4H), 3.77-3.69 (m, 4H), 3.69-3.58 (m, 35H),
3.58-3.51 (m, 4H), 3.36 (s, 6H); *C{*H} NMR (101 MHz, CDCly) § 170.74, 170.69, 159.0,
158.3, 157.9, 133.4, 133.1, 132.5, 129.5, 123.1, 118.2, 115.2, 105.4, 102.7, 71.9, 70.93, 70.90,
70.7, 70.64, 70.57, 70.55, 70.52, 70.49, 70.41, 70.38, 69.8, 67.8, 67.7, 59.04, 59.03, 56.1; HRMS
(APCI-MS) caled for Cy1HgsO19Na ([M + Na]™) 883.3934, found 883.3939.

Dimethyl [1,1’-biphenyl]-4,4’-dinitro-6-phenyl-2,2’-dicarboxylate (13)

A dry Schlenk vacuum tube containing compound 2 (3.90 g, 8.88 mmol), Pd(PPhjs),Cly (748
mg, 0.12 mmol), phenylbononic acid (2.17 g, 17.76 mmol), and KOAc (3.92 g, 40 mmol)
was evacuated and backfilled with argon (3x). To this solid mixture was added dry THF
(40 mL). The reaction mixture was degassed by three freeze-pump—thaw cycles and then
stirred and heated overnight at 80 °C, cooled to room temperature, and filtered through a
Celite pad. The filtrate was diluted with EtOAc, and EtOAc layer was washed with water
(3x), sat. NaHCOj (1x), brine (1x), dried over MgSQy, and filtered. The resulting solution
was concentrated under reduced pressure and purified on a silica column eluted with 90:10
cyclohexane:EtOAc to afford compound 13 (2.24 g, 58%) as a white solid: mp 165.95 °C; 'H
NMR (500 MHz, DMSO-dg) 6 8.71 (d, J = 2.4 Hz, 1H), 8.49 (d, J = 2.5 Hz, 1H), 8.34 (d,
J = 2.4 Hz, 1H), 8.29 (dd, J = 8.5, 2.5 Hz, 1H), 7.46 (d, J = 8.5 Hz, 1H), 7.27-7.17 (m,
3H), 7.10-7.01 (m, 2H), 3.67 (s, 3H), 3.63 (s, 3H); ¥C{'H} NMR (126 MHz, DMSO-dg) §
164.8, 164.4, 146.8, 146.6, 145.7, 145.2, 143.0, 137.7, 132.8, 131.1, 130.9, 129.1, 128.2, 128.0,
127.3, 126.0, 123.9, 123.2, 52.8, 52.7; HRMS (ESI-MS) calcd for CasHiN2OsNa ([M + Na]*)
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459.0799, found 459.0796.

Dimethyl [1,1’-biphenyl]-4,4’-diamino-6-phenyl-2,2’-dicarboxylate (14)

The procedure for compound 5 was followed starting with compound 13 (2.28 g, 5.21 mmol)
to afford compound 14 (1.65 g, 84%) as a light-yellow solid: mp 212.58 °C; 'H NMR (500
MHz, DMSO-dg) § 7.15-7.05 (m, 3H), 7.02-6.95 (m, 2H), 6.88 (d, J = 2.4 Hz, 1H), 6.85
(d, J =24 Hz, 1H), 6.64 (d, J = 2.4 Hz, 1H), 6.47 (d, J = 8.2 Hz, 1H), 6.43 (dd, J = 8.2,
2.4 Hz, 1H), 5.31 (s, 2H), 5.11 (s, 2H), 3.50 (s, 3H), 3.45 (s, 3H); BC{'H} NMR (126 MHz,
DMSO-dg) d 168.5, 167.5, 146.8, 146.6, 142.3, 142.0, 132.8, 132.2, 131.3, 129.0, 127.8, 127.7,
127.3, 126.0, 118.0, 116.4, 114.1, 113.0, 51.4, 51.3; HRMS (APCI-MS) calcd for CooHg1N2Oy
(M + H]*") 377.1496, found 377.1498.

Dimethyl [1,1’-biphenyl]-4,4’-dihydroxy-6-phenyl-2,2’-dicarboxylate
(15)

The procedure for compound 6 was followed starting with compound 14 (1.52 g, 3.98 mmol)
to afford compound 15 (938 mg, 62%) as a light orange solid: mp 208.59 °C; 'H NMR
(500 MHz, DMSO-dg) 6 9.84 (s, 1H), 9.58 (s, 1H), 7.17-7.09 (m, 4H), 7.08-7.03 (m, 1H),
7.01-6.94 (m, 2H), 6.86 (d, J = 2.7 Hz, 1H), 6.69 (d, J = 2.0 Hz, 2H), 3.53 (s, 3H), 3.47 (s,
3H); BC{*H} NMR (126 MHz, DMSO-dg) § 167.6, 166.8, 155.63, 155.57, 143.0, 141.0, 133.2,

132.2, 131.6, 130.8, 130.7, 129.0, 127.5, 126.5, 119.5, 118.1, 115.5, 114.5, 51.7, 51.6;: HRMS
(APCI-MS) caled for CooHy9Og ([M + H]*) 379.1176, found 379.1178.

Dimethyl [1,1’-biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-
6-phenyl-2,2’-dicarboxylate (16)

The procedure for compound 7 was followed starting with compound 15 (930 mg, 2.45 mmol)
to afford compound 16 (1.68 g, 74%) as a colorless oil: 'H NMR (500 MHz, CDCl3) ¢ 7.42 (d,
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J = 2.7 Hz, 1H), 7.33-7.30 (m, 1H), 7.13-7.08 (m, 3H), 7.07 (d, J = 2.7 Hz, 1H), 7.01-6.95
(m, 2H), 6.83 (d, J = 1.5 Hz, 2H), 4.24-4.18 (m, 2H), 4.11-4.05 (m, 2H), 3.91-3.86 (m, 2H),
3.85-3.79 (m, 2H), 3.77-3.49 (m, 46H), 3.37 (s, 6H); C{'H} NMR (126 MHz, CDCl3) §
168.1, 167.3, 157.3, 157.25, 143.6, 141.0, 133.42, 133.38, 133.0, 131.9, 131.8, 129.5, 127.7, 126.7,
119.9, 118.0, 114.9, 114.3, 72.1, 71.02, 70.97, 70.8, 70.79, 70.75, 70.72, 70.70, 69.81, 69.79,
67.8, 67.5, 59.2, 52.1, 52.0; HRMS (APCI-MS) caled for CysH71O15 ([M + H|T) 935.4635,
found 935.4629.

[1,1’-Biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-6-phenyl-

2,2’-dicarboxylic acid (DP-Ac6)

The procedure for DP-Ac4 was followed starting with compound 16 (1.38 g, 1.47 mmol)
to afford DP-Ac6 (1.06 g, 72%) as a colorless oil: 'H NMR (500 MHz, CDCIl3) ¢ 7.39 (d,
J = 2.7 Hz, 1H), 7.26-7.24 (m, 1H), 7.14-7.06 (m, 3H), 7.04-6.96 (m, 3H), 6.85-6.75 (m,
2H), 4.24-4.17 (m, 2H), 4.09-4.03 (m, 2H), 3.89-3.83 (m, 2H), 3.81-3.75 (m, 2H), 3.75-3.66
(m, 2H), 3.69-3.55 (m, 34H), 3.56-3.50 (m, 4H), 3.35 (s, 6H); 3C{'H} NMR (126 MHz,
CDCly) 0 174.4, 174.3, 157.6, 157.5, 144.4, 141.31, 141.26, 140.0, 132.2, 129.64, 129.59, 129.5,
127.5, 126.5, 117.2, 115.5, 112.7, 112.4, 71.6, 71.4, 70.7, 70.6, 70.22, 70.17, 70.15, 70.12, 70.09,
70.02, 69.98, 69.90, 69.8, 69.7, 69.6, 69.4, 67.6, 67.3, 59.0, 58.9; HRMS (APCI-MS) calcd for
CusHesO1sNa (M + Na]*+) 929.4141, found 929.4150.

Dimethyl [1,1’-biphenyl]-6-cyano-4,4’-dihydroxy-2,2’-dicarboxylate
(17)

A dry Schlenk vacuum tube containing dimethyl [1,1’-biphenyl]-6-bromo-4,4’-dihydroxy-2,2’-
dicarboxylate 2 (1.22 g, 3.2 mmol), Pd(dppf)Cly (234 mg, 0.32 mmol), and Zn(CN), (1.70 g,

9.6 mmol) was evacuated and backfilled with argon (3x). To this solid mixture was added

dry DMF (12 mL) and the reaction mixture was degassed by three freeze-pump-thaw cycles
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and then stirred and heated overnight at 130 °C, cooled to room temperature, and filtered
through a Celite pad. The filtrate was diluted with EtOAc, and EtOAc layer was washed
with water (5x), conc. NHy;OH(aq) (2x), brine (1x), dried over MgSQOy,, and filtered. The
resulting solution was concentrated under reduced pressure and purified on a silica column
eluted with 70:30 hexane:acetone to afford compound 17 (880 mg, 84%) as a white solid: mp
169.24 °C; 'H NMR (500 MHz, DMSO-dg) § 10.91 (br s, 1H), 10.44 (br s, 1H), 7.91 (d, J =
2.6 Hz, 1H), 7.84-7.73 (m, 2H), 7.49-7.40 (m, 2H), 3.99 (s, 3H), 3.93 (s, 3H); BC{'H} NMR
(126 MHz, DMSO-dg) § 166.0, 165.6, 157.2, 156.3, 136.5, 132.2, 132.1, 130.3, 129.0, 121.7,
120.5, 119.0, 117.4, 116.4, 114.7, 52.1, 51.9; HRMS (APCI-MS) caled for Ci7H;14NOg (M +
H]*) 328.0816, found 328.0819.

Dimethyl [1,1’-biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-
6-cyano-2,2’-dicarboxylate (18)

The procedure for compound 7 was followed starting with compound 17 (880 mg, 2.6 mmol)
to afford compound 18 (1.70 g, 75%) as a colorless oil: 'H NMR, (500 MHz, CDCl3) § 7.71
(d, J = 2.7 Hz, 1H), 7.63 (d, J = 2.7 Hz, 1H), 7.35 (d, J = 2.8 Hz, 1H), 7.12 (dd, J = 8.5,
2.7 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 4.25-4.15 (m, 4H), 3.93-3.85 (m, 4H), 3.77-3.70 (m,
4H), 3.70-3.61 (m, 35H), 3.59 (s, 3H), 3.55-3.50 (m, 4H), 3.36 (s, 6H); ); C{'H} NMR,
(126 MHz, CDCl3) § 166.4, 165.9, 158.7, 157.5, 139.1, 132.1, 131.6, 131.3, 130.4, 121.3, 120.5,
118.7, 117.3, 116.2, 115.5, 72.0, 71.02, 70.97, 70.74, 70.73, 70.69, 70.68, 70.66, 70.6, 69.7, 69.5,
68.3, 67.7, 59.1, 52.4, 52.2; HRMS (APCI-MS) caled for Cy3HggNO1g ([M + H| ') 884.4274,
found 884.4277.
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[1,1’-Biphenyl]-4,4’-bis(3,6,9,12,15,18-hexaoxanonadec-1-yloxy)-6-cyano-
2,2’-dicarboxylic acid (DP-AcT7)

Compound 18 (1.13 g, 1.28 mmol) in THF (31 mL) was treated with KOH(aq) (2 M, 10
mL, 20 mmol) and the resulting mixture was stirred and heated to reflux overnight. This
was concentrated under reduced pressure to remove THF and acidified with 2 M HCI to pH
2. The resulting mixture was saturated with NaCl, extracted with EtOAc (5x), and the
combined organic extracts washed with brine (1x), dried over MgSOy, and filtered. The
resulting solution was concentrated under reduced pressure and the crude was purified on a
silica column eluted with 94:4:1-89:10:1 CH5Cly:MeOH:AcOH to afford DP-Ac7 (772 mg,
71%) as a colorless oil: 'H NMR (400 MHz, CDCl3) § 7.62 (d, J = 2.8 Hz, 1H), 7.53 (s, 1H),
7.28 (d, J = 2.8 Hz, 1H), 7.09-6.99 (m, 2H), 4.28-4.10 (m, 4H), 3.93-3.79 (m, 4H), 3.76-3.46
(m, 40H), 3.40-3.26 (m, 6H); C{'H} NMR (126 MHz, CDCl3) § 169.6, 168.9, 158.7, 157.7,
137.8, 135.1, 132.9, 131.7, 130.4, 120.9, 119.9, 118.2, 117.4, 116.0, 115.3, 71.9, 71.8, 71.0,
70.8, 70.69, 70.65, 70.58, 70.55, 70.53, 70.50, 70.49, 70.46, 70.43, 70.37, 70.34, 70.32, 70.2,
69.8, 69.7, 68.3, 67.7, 59.08, 59.04; HRMS (ESI-MS) calcd for CyHgiNO1gNa ([M + Na]™)
878.3781, found 878.3787.
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